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Abstract
Hydrometeorology aims at measuring and understanding the physics, chemistry, 
energy and water fluxes of the atmosphere, and their coupling with the earth 
surface environmental parameters. Accurate hydrometeorological records and 
observations with different timelines are crucial to assess climate evolution and 
weather forecast. Historical records suggest that the first hydrometeorological 
observations date back to ca 3500 BC. Reviewing these observations in the light of 
our modern knowledge of the dynamic of atmospheres is critical as it can reduce 
the ambiguities associated to understanding major fluctuations or evolutions in the 
earth climate. Today, the ambiguities in hydrometeorological observations have 
significantly improved due to the advances in monitoring, modeling, and forecast-
ing of processes related to the land-atmosphere coupling and forcing. Numerical 
models have been developed to forecast hydrometeorological phenomena in short-, 
medium- and long-term horizons, ranging from hourly to annual timescales. We 
provide herein a synthetic review of advances in hydrometeorological observations 
from their infancy to today. In particular, we discuss the role of hydrometeorologi-
cal records, observations, and modeling in assessing the amplitude and time-scale 
for climate change and global warming.
Keywords: hydrometeorology, sustainability, weather monitoring tools,  
climate, forecasting, innovations
1. Introduction
In general, hydrometeorology deals with monitoring the energy and water 
fluxes between the atmosphere and earth [1–4]. Hydrometeorology has evolved as 
a special discipline of both meteorology and hydrology, linking the fundamental 
knowledge of meteorologists with the needs of hydrologists to assess the water 
and energy cycles at local, regional, and global scales [1–4]. In hydrometeorology, 
meteorological data are incorporated into hydrological models to predict water 
and energy exchanges between the land surface and atmosphere, weather, climate, 
and natural hazards such as wildland fires, storms, droughts, and floods [5–8]. 
Climatologists focus on seasonal to decadal scales, while hydrometeorologists are 
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more interested in studying short time-scale events (i.e., hours up to a few days) 
such as severe storms and flash floods [6, 8].
Hydrometeorological records started in ca 3000 BC mainly by observing the 
movement of moon and stars. Since then, our understanding of hydrometeorology 
has advanced considerably, especially with the significant growth of technology 
in the second half of the 20th century (e.g., introduction of televisions in the early 
1950s and computers in the 1970s).
From the 1980s up to now, tremendous advances have been made in the hydro-
meteorological science [9]. Governmental and private agencies have begun hiring 
hydrologists to use meteorological data and improve the accuracy of hydrome-
teorological predictions. A better knowledge of hydrometeorology along with the 
enhanced computational capabilities allowed them to forecast hydrometeorological 
variables more accurately. Fortunately, TV networks and websites have provided 
timely information on the weather and climate forecast.
With the advent of satellites and radars, hydrometeorology has changed from 
a “data poor” to a “data rich” environment [10]. Nowadays, hydrometeorolo-
gists incorporate remotely sensed data from radars and satellites into numerical 
models to estimate hydrologic variables such as rainfall, evapotranspiration, 
soil moisture, and vegetation dynamics over large-scale domains. Indeed, the 
technology boom and the vast amount of radar and satellite observations have 
enabled many national hydrometeorological centers to become hubs of informa-
tion and research in the field of weather forecasting for governments, policy-
makers, and private agencies. The improvements over the last 50 years have been 
impressive, and hydrometeorological centers are continuously adopting modern 
technologies to provide more reliable weather and climate information for 
societal needs [1–4].
Five eras can be identified as the benchmark for historical advances in the 
science of hydrometeorology: (1) Prehistoric times (ca 3500–750 BC), (2) 
Historical to medieval times (ca 750 BC-1400 AD), (3) Early and mid-modern 
times (ca 1400–1800), (4) Modern times (1800–1900), and (5) Contemporary 
times (1900-present).
This study provides new information and insights about history of hydrome-
teorology. A comprehensive review of hydrometeorology in each of the abovemen-
tioned five eras contributes to a growing awareness of observational methods. As 
noted by the great Chinese philosopher, Confucius (ca 551–479 BC): Study the past, 
if you would divine the future.
2. Hydrometeorology in prehistoric times (ca 3500–650 BC)
In the prehistoric period, also known as the speculation period, the meteoro-
logical knowledge was based solely on speculative theories [9]. In this long era, 
hypotheses with no empirical validation were developed to describe meteorology, 
weather, and climate [9]. The prehistoric times cover the pre-Aristotelian era that is 
long before the invention of meteorological instruments.
The first primitive human societies began in the late Neolithic era [9]. The 
transition from hunting-gathering to farming increased the vulnerability of societ-
ies to climate-related hazards because they no longer migrated to avoid unfavorable 
environmental conditions. There was no study of meteorology at that time. Also, 
atmospheric phenomena could not be adequately explained. Hence, a collection of 
linguistic weather “signs” was created and transferred from generation to genera-
tion. For instance, moving a light or star at night was considered as a sign for sunny 
or rainy condition in the next day.
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About 3000 BC, an ancient instrument (called a Nilometer) was first used to 
measure the water level of the Nile River. The Nilometer helped farmers irrigate 
their farms more efficiency [11]. Figure 1 shows the Nilometer at Rhoda Island in 
Cairo (in 861 AD), which was designed by Afraganus.
The Babylonian king Hammurabi (ca 1792–1750 BC) related seasons and 
weather conditions to the solar cycle by developing the 360-day calendar. This 
calendar was used to study hydrometeorological phenomena in next centuries [11].
From 747 BC to 737 BC, other Babylonian kings (e.g., Nabu-nasir) recorded 
the movement and location of the moon over a period of several years. He also 
monitored the time of sunrises, sunsets, and eclipses. The Babylonians used this 
information to predict celestial events [12]. Another Babylonian king, named Nabu-
suma-iskun (ca 700 BC), stated that a halo around the sun or the moon is a sign of 
flood during winter [13].
3.  Hydrometeorology in the archaic to medieval times (ca 650 BC– 
1400 AD)
The theocratic explanation of meteorology was dominant until the 7th 
century BC. The Ionian Stoa (School) in Asia Minor was founded ca 600 BC 
by the Thales of Miletus, the father of natural philosophy and water science. 
The natural philosophers (the so-called pro-Socratic philosophers) such as 
Thales, Anaximander, Anaximenes, Pythagoras, Heraclitus, Zenos, Empedocles, 
Democritus, and Alcmaeans lived in Greece from the end of the 7th century 
until the middle of the 5th century BC. They raised new questions about the 
natural phenomena such as rain, cloud, storm, and lightning [14]. One of their 
questions was: “Is there a reality that does not change despite the ever-changing 
appearances of things?” [14]. While the manifestations of nature are extremely 
complex, the beginning (i.e., the source substance) was thought to be relatively 
simple. Having said that, the “beginning” was water for Thales and the air for 
Anaximenes [14].
In the late Archaic times, the Ionian philosophers learned fundamental 
hydrological processes by studying meteorological phenomena [14]. For example, 
Figure 1. 
The Nilometer at Rhoda Island in Cairo.
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Anaximander (ca 610–546 BC) explained the relationship between rainfall and 
sunshine in his book entitled “On Nature”. For the first time, Xenophanes (ca 
570–475 BC) expressed the concept of the hydrological cycle and the role of 
sea in it.
In 465 BC, Anaxagoras (ca 500–428 BC) used the ideas of the Ionian philosophers 
to develop rain gauge instruments in Athens [15]. At that time, the first measure-
ments of rainfall began in India [16, 17]. Later, in 100 AD, a recording rain gauge was 
developed in Palestine [18]. In 400 BC, Kautilya wrote a book entitled Arthashastrain, 
which elaborated the importance of rainfall for military operations [16, 17].
Plato, a well-known philosopher, advanced the concept of the hydrologic cycle 
by stating that “rivers and springs originate from rainfall”. In 387 BC, the Platonic 
Academy was founded in Athens by Plato (ca 428–348 BC) based on the principles 
of the Ionian Stoa. The hydrological cycle was characterized in that Academy. 
Aristotle (384–322 BC) was Plato’s student, and his theories were influenced by 
Ionian philosophers. He explained several hydrometeorological phenomena such as 
physics of clouds, rivers, precipitations, and changes in land covers [19–24].
In 300 BC, Theophrastus (ca 371–287 BC) published his Book on Signs (De Signis 
Tempestatum), which is considered to be the first weather forecasting manual. In 
240 BC, Eratosthenes compared the intensity of Sun’s rays at two points on the earth 
to calculate the spherical size of the earth and its circumference [25].
The well-known astronomer, Ptolemy (ca 100–170 AD), defined the earth’s cli-
matic zones on the basis of astronomical observations and air temperature variabil-
ity. Recognition should also be given to two Roman scholars, Seneca (4 BC-65 AD) 
and Pliny (23/24–79 AD). Seneca studied a wide spectrum of meteorological 
phenomena (e.g., wind, lightning, thunderstorm and hurricane). Pliny collected all 
the meteorological theories of the Ancient Greeks [26].
Heron of Alexandria (ca 10–75 AD) was a physicist, mathematician, and 
engineer at the Museum of Alexandria. He wrote many books in his field of exper-
tise that were used until medieval times. His most important invention was the 
Aeolipile, the first steam turbine [27]. He is mostly known for his profound com-
prehension of physics, which is reflected in the Pneumatica (his description of how 
mechanical devices operate by air, water, and steam) [28].
Documents from the Jewish tradition (called the Mishnah) show the rain 
water harvesting practice from ca 200 BC to 200 AD. During the Han dynasty 
(ca 206 BC-220 AD) in China, the hydrological cycle was represented by the 1) 
water vapor transfer from the land surface to the overlying atmosphere due to 
evaporation, and 2) cloud formation.
In 800 AD, Vikings in Scandinavia believed in Thor as the god of thunders and 
lightning, and Freyr as the god of sun, rain, and other meteorological phenom-
ena. Thunder was the sound of Thor, and lightning was the sign of killing Thor’s 
enemies [29].
In ca 1000 AD, Ibn Wahshiyya discussed the importance of weather forecasting 
for agricultural production in his book entitled “Nabataean Agriculture”. According 
to Wahshiyya, a visible moon is a sign of clear weather in the next day. Unlike the 
ancient Babylonians, he believed that clear weather would come if the moon was 
surrounded by a halo. Wahshiyya also mentioned that thin (thick) clouds were the 
sign of cold (warm) weather. Based on his beliefs, an owl’s hoot implies the close-
ness of cold weather [30].
In 1328 AD, William of Ockham (1285–1347 AD) wrote a great deal on natural 
philosophy and attempted to quantify atmospheric physics and other natural sci-
ences. William highlighted the importance of reliable meteorological observations 
in a long commentary on Aristotle’s Physics [31–33].
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4. Hydrometeorology in early and mid-modern times (ca 1400–1800)
During this era, many scientists tried to develop new methods and instruments 
to monitor hydrometeorological variables. The end of the era of theories and the 
beginning of the modern meteorology are demarcated by the first ‘modern philoso-
pher’, Rene Descartes (1596–1650 AD). He established the principle of scientific 
philosophy in his work Les Meteors, denoting nothing should be accepted as truth 
unless it is proven [34].
The economy of Korea in the Far East during the Joseon Dynasty (1392–1897) was 
mainly dependent on agriculture. Thus, Koreans had to manage their water resources 
efficiently. Jang Yeong-sil designed the first Korean rain gauge (called cheugugi) in 
1441 (Figure 2). In 1442, the standard rain gauges with the height of 42.5 cm and 
diameter of 17 cm were installed across Korea to record rainfall data [9].
As the Renaissance began, weather forecasts were based on astrology and inter-
pretation of weather signs. Meteorological instruments were improved only slightly 
from the middle ages until the beginning of age of instrumentation in the 17th 
century. In 1450, Nicholas of Cusa developed an idea for a hygroscopic hygrometer 
to measure air moisture. His plan was to use wool and stones on different sides of a 
large scale. The hygrometer operated based on the ability of wool fibers to absorb 
air moisture. In 1481, Leonardo DaVinci took advantage of Nicholas’ idea and made 
the first hygrometer (Figure 3a). DaVinci’s invention was used until 1500 [9]. Later, 
Francesco Folli (1624–1685) created a hygrometer (Figure 3b), which he named 
as “Mostra Umidaria” (in Italian). In his hygrometer, a frame carries a small roll at 
each end, on which is wrapped the end of a paper ribbon (now missing) serving as 
a hygroscopic substance. The frame is made of brass and has the shape of a finely 
decorated balustrade. The center of the frame holds a decorated brass dial fitted with 
a circular graduated scale. By means of a simple mechanical system, the dial indicates 
the changes in ribbon length due to the variations in atmospheric humidity [37]. 
Nevertheless, the development of hygrometer as a scientific instrument was started 
in 1768 by the German mathematician John Heinrich Lambert (ca 1728–1777).
The British physicist, Robert Boyle (1627–1691), was one of the first scientists 
that recognized the need for a standard thermometric scale to make temperature 
measurements comparable. In 1714, Gabriel Daniel Fahrenheit (1686–1736) 
built a mercury thermometer that could measure the temperature as low (high) 
as the freezing (boiling) point of water. Anders Celsius (1701–1744) proposed 
a new scale for thermometers in 1742. His ‘centesimal’ (meaning 100 divisions) 
system was easier to use in scientific works and became the basis for the ‘Celsius’ 
or ‘centigrade’ temperature scale. In 1862, Lord Kelvin (1824–1907), the Scottish 
mathematician and physicist, used the absolute zero (or zero degree Kelvin) in the 
so-called absolute temperature scale. Absolute zero is defined as the temperature 
in which molecules stop moving [38]. Benedetto Castelli (1578–1643) built the 
first rain gauge in the 16th century in Italy. More meteorological instruments were 
developed by other Italian meteorologists. Ferdinand II de’ Medici (1610–1670) 
built a condensation hygrometer that operated by exposing water vapor to a 
cylindrical iced glass.
The science of hydrometeorology has benefited from advances in mathemat-
ics and physics. The relationship between air pressure and height was one of the 
most interesting subjects in the history of hydrometeorology. Evangelista Torricelli 
and Blaise Pascal developed the first barometers in 1643 and 1646, respectively. In 
1660, Robert Boyle found the relationship between the gas pressure and volume. 
Benjamin Franklin (1706–1790), the American statesman and scientist, discovered 
the electrical nature of lightning in 1752. He also realized that storms can move from 
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place to place. In 18th century, the first studies on dynamic meteorology were done 
by Halley and D’Alambert [39].
The equations of motion, the continuity equation, the first law of thermodynam-
ics, the state equation of gases (the law of ideal gases), and the hydrostatic equation 
have been used to describe atmospheric motions [9]. The first law of thermodynam-
ics was formulated in the 19th century by Germain Hess and Rudolf Clausius. Isaac 
Figure 2. 
The first Korean rain gauge designed by Jang Yeong-sil [9].
Figure 3. 
(a) The DaVinci’s hygrometer [35, 36], and (b) the Francesco Folli’s hygrometer, named as Mostra Umidaria [37].
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Newton (1642–1727) introduced many principles of mechanics in an integrated 
framework and highlighted their use in describing atmospheric phenomena [40]. 
Leonard Euler (1707–1783) investigated the variation of air pressure with height 
above sea level. Using the Newton’s second law of motion, he developed the equations 
of fluid flow in 1755, which were a significant contribution to fluid mechanics [40].
The development of hydrometeorology was further enhanced in the late 17th 
and early 18th century. Robert Hooke (1635–1703 AD) had new ideas for designing 
hydrometeorological instruments. His collaboration with Sir Christopher Wren led 
to the construction of the first automatic rain gauge, called the tipping bucket rain 
gauge [27, 33]. Richard Towneley (1677–1704 AD) used their automatic rain gauge 
to measure rainfall in the UK [27, 33].
In the 18th century, scientists improved the accuracy of instruments to monitor 
meteorological phenomena more reliably. In 1743, Benjamin Franklin studied the 
movement of hurricanes in Philadelphia and Boston. Horace-Benedict de Saussure 
(1740–1799 AD) improved the accuracy of hygrometers by designing a hair 
hygrometer in 1775, which is still used today [41, 42]. de Saussure’s hair hygrometer 
works based on changes in the length of a human hair as air humidity varies. In the 
late 1700s, hydrometeorologists started to monitor meteorological variables over 
large-scale areas. For instance, in 1777, David Dobson measured raindrop size and 
evaporation over Liverpool in the UK ([29, 43]). In summary, the 18th century was 
characterized by the development of basic meteorological instruments and dynamic 
equations [44]. However, the widespread application of these tools and equations 
began in the 19th century.
5. Hydrometeorology in modern times (1800–1900)
In the 19th century, meteorological scientists used new devices (e.g., psychrom-
eters, hygrometers, meteorographs, and weather kites) in weather stations. They 
also categorized several meteorological phenomena such as clouds, hurricanes, 
and tornadoes. The English naturalist Luke Howard (1772–1864) classified differ-
ent types of clouds in 1803. In 1830, the Connecticut merchant William Redfield 
(1789–1857) discovered the circular motion of hurricanes. He also classified differ-
ent types of hurricanes and tornadoes [44, 45].
The British Admiral Francis Beaufort (1774–1857) developed a wind force scale 
for mariners in 1806. Ernst Ferdinand August (1795–1870) built a psychrometer 
to measure air humidity in 1818. It used a dry bulb thermometer and a wet bulb 
thermometer to measure air temperature [9]. The difference in temperature of the 
two thermometers was utilized in the Ernst Ferdinand August’s algorithm to obtain 
air humidity. In 1820, John Frederic Daniell (1790–1845) invented a new type of 
hygrometer, called a dew point hygrometer [46]. He cooled down a polished metal 
mirror to a temperature at which water vapor in the air began to condense on it (i.e., 
dew point temperature). William Jevons (1835–1882) corrected the errors of rain 
gauge measurements due the wind. George James Symons (1838–1900) expanded 
Jevons’ corrections and founded the British Rainfall Organization (British [47, 48]).
The first synoptic weather charts were constructed by the German meteorolo-
gist Heinrich Wilhelm Brandes (1777–1834) in 1820. These weather charts were a 
significant milestone in the history of theoretical and applied meteorology. These 
weather charts indicated the low- and high-pressure systems and initialized the 
field of synoptic meteorology [49, 50].
By the invention of telegraph in 1843, the first weather observation network was 
established in the UK to transmit weather observations to various stakeholders. In 
1860, the Met Office in London started to transmit meteorological measurements to 
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the community by telegraph. The British Meteorological Society (BMS) was created 
in 1850 and later renamed to the Royal Meteorological Society (RMS). In 1861, the 
Met Office began publishing weather forecasts for the public in the UK [51, 52].
The first attempt to automatically record meteorological variables was made by 
Father Secchi in 1867. He designed the first Meteorograph to measure air pressure 
and rainfall duration (Figure 4a). In 1870, weather balloons were employed by 
Alexander Wilson in the UK to collect meteorological data [9]. In the late 1880s, 
meteorological stations were installed in other countries. For example, the civic 
association Stadtverein Salzburg installed a weather station in Salzburg (Austria) in 
1888 to measure air pressure, temperature, and humidity (Figure 4b) (Atlas [54]).
In 1870, President Ulysses S. Grant established a weather bureau in the US, 
currently called the National Weather Service (NWS) [55]. By the 1870s, the US 
had more than 20 weather stations that transmitted micrometeorological data to 
Washington DC by telegraph.
The International Meteorological Organization (IMO) was founded in 1873 to 
facilitate the cooperation among all national weather services. The IMO organized 
several international meteorological conferences in Vienna, Rome, Munich, and 
Paris in 1873, 1879, 1891, and 1896, respectively. The IMO was renamed to the World 
Meteorological Organization (WMO) in 1950. Nowadays, the WMO serves as the spe-
cialized agency of the United Nations for meteorology (weather and climate), agrome-
teorology, operational hydrology, and related geophysical sciences [9]. Currently, the 
Figure 4. 
(a) The Meteorograph designed by father Secchi [53], and (b) the first (19th century) weather station in 
Salzburg, Austria.
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WMO has at least 187 member states and territories. The Japan Meteorological Agency 
(JMA) and the Meteorological Society of Japan were formed in the 1880s [9].
In the late 1890s, further attempts were made to measure various microme-
teorological variables. Weather kites were used in 1894 to collect air temperature, 
pressure, humidity, and wind speed at high altitudes (Figure 5) [9]. Weather 
kites were used instead of weather balloons (developed in late 1780s) as they 
could move more readily. In 1898, the Richard brothers in France invented 
a barothermograph, which consisted of a thermometer, a barometer, and a 
hygrometer [56].
6. Hydrometeorology in contemporary times (1900–present)
The modern hydrometeorology was born in contemporary times (1900-present). 
In this era, weather data were used in the forecast models [9].
The discovery of the stratosphere at the beginning of the 20th century by 
Léon Philippe Teisserenc de Bort (1855–1913) advanced meteorology and hydro-
meteorology. Similarly, the discovery of the tropopause (i.e., the buffer zone 
between troposphere and stratosphere) by Ernest Gold (1881–1976) and William 
Jackson Humphreys (1862–1949) in 1900 further augmented hydrometeorol-
ogy. In 1920, the Norwegian School of Meteorology (NSM) made a significant 
contribution to the field of meteorology by organizing seminars and inviting the 
most well-known scientists to them [57]. New theories about frontal surfaces and 
development of low-pressure systems by the Norwegian scientists, namely Vilhelm 
Bjerknes (1862–1951), Jacob Aall Bonnevie Bjerknes (1897–1975), Halvor Solberg 
(1895–1974), and Tor Bergeron (1891–1977) took a dominant position in hydro-
meteorology [58]. In 1940, Carl Gustaf Rossby (1898–1957) from the US weather 
service discovered the jet stream and its controls over the easterly movement of 
most weather systems [59].
Figure 5. 
Measuring weather information by a weather kite in 1894. The location of the picture is unknown [9].
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Hugo Hildebrand Hildebrandsson (1838–1925) published his book entitled 
International Cloud Atlas. His book improved meteorologists’ knowledge of cloud 
physics [60, 61]. In 1909, the Met Office equipped ships with wireless telegraphy to 
transmit weather records to designated centers in the UK. This was the first attempt 
to transfer real-time weather data from the ships to the land [62]. The American 
Meteorological Society, AMS (founded in 1919), has advanced our understand-
ing of meteorology, hydrometeorology, and hydroclimatology. In 1922, Lewis Fry 
Richardson used weather observations in his simple numerical model to forecast air 
pressure and wind speed. Today, complex numerical models are used instead of his 
simple weather forecast algorithms [9, 63].
In 1922, the first weather radio broadcasts were developed in New York and 
London [64]. In 1921, the Hydrometeorological Center of Russia was founded in 
Moscow. Nowadays, this center has more than 30 laboratories, departments and 
administrative branches, and provides forecasts of hydrometeorological variables. 
The US broadcasted the first weather forecast program on television in 1941 [64].
The prestigious seminars of Norwegian School of Meteorology, the inven-
tion of radiosondes, the Bergeron’s theory of rain formation, the ionospheric 
research of Edward Victor Appleton (1892–1965) and Miles Aylmer Fulton 
Barnett (1901–1979), and the theoretical studies of low- and high-pressure 
systems were conducted between the First and Second World Wars (1920–1940). 
In addition, in this period, there were some studies on the general circulation of 
atmosphere, the properties of motion, the mechanisms of fronts and low- 
pressure systems, the atmospheric disturbances, and the isentropic analysis 
[58]. During the Second World War, radiosonde meteorological measurements 
led to the discovery of jet stream. In 1935–1945, new instruments such as 
weather radars and radio wave sensors were invented [58]. In the same period, 
several studies were performed on the chemical composition of the upper 
atmosphere and fog decomposition [58].
Jule Charney used the first computer in 1950, called the Electronic Numerical 
Integrator and Computer (ENIAC), to run his meteorological model [9]. In the 
1950s, the first computational atmospheric models were developed and used 
in hydrometeorology. In this decade, government agencies took advantage of 
geographical information to forecast weather more accurately. In 1954, the first 
radar weather station was built in New Orleans, USA [9]. In 1959, the Met Office 
created a computer, called Meteor, which was able to conduct 30,000 calculations 
per second [65].
The chaotic nature of the atmosphere was first realized by Edward Norton 
Lorenz (1917–2008) in the 1960s. He introduced the chaos theory and limitations 
of atmospheric predictability. This is also known as the butterfly effect as flapping 
of a butterfly’s wings can cause a large disturbance somewhere else [58]. The first 
generation of satellites emerged in this decade. In 1960, the first weather satellite, 
called the Thermal Infrared Observation Satellite (TIROS), was launched by the US. 
This satellite could send 4000 images per week to the earth [66].
The National Aeronautics and Space Administration (NASA) lunched the 
Synchronous Meteorological Satellite-1 (SMS-1) and SMS-2 in the 1970s. Other 
geosynchronous meteorological satellites were also launched by the NASA as part of 
the Geostationary Operational Environmental Satellite (GOES) program.
There is a large number of satellites at present, which is steadily increasing 
year by year for remote sensing of the earth. Remote sensing can be classified into 
two main categories: (1) active radars, and (2) passive instruments (sensors). The 
active radars transmit energy and record the backscattered signals. Weather radars 
can operate even in cloudy skies because their signals can pass through clouds. The 
passive systems record the emitted radiation from the earth.
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Scientific and technological advances led to the development of Doppler and 
dual-polarization weather radars, which are currently used to detect storms [44]. 
These radars allow researchers to “see” inside the storms and monitor wind-driven 
precipitation. They also visualize the wind rotation and allow meteorologists to 
detect severe storms such as tornadoes and mesoscale convective systems.
Meteorological satellites are located in either low polar (e.g., Polar Orbiting 
Environmental Satellites (POES) and Television Infrared Observation Satellites 
(TIROS-N)) or high geostationary (e.g., meteorological satellites (METEOSAT) 
and GOES satellites) orbits. A number of widely used meteorological satellites are 
shown in Figure 6. They monitor the weather, soil moisture, sea and land surface 
temperatures, precipitation, crop condition, snow depth, land cover, landslide, etc. 
[16]. While these satellites allow to monitor various hydrologic variables, they have 
main challenges regarding community acceptability, underestimating total precipi-
tation due to light rainfall events, unquantified uncertainty, data continuity, sensor 
changes, and data maintenance [67, 68].
Continuity of data is crucial in order to develop reliable and accurate satellite 
records for hydrologic applications. Most satellites are functional for less than 
10 years, though many of them operate beyond a decade. Although, launching 
satellites should be extended for follow-up missions, designing satellites require 
substantial investments and can take decades. The Global Precipitation Measurement 
(GPM) and Gravity Recovery and Climate Experiment (GRACE) are two examples 
of satellite missions planned to fix the problem of the gaps in the current satellite-
based precipitation and total water storage data, respectively [67, 68]. Nowadays, 
the quality and resolution of satellite images are significantly improved [69, 70]. 
Figure 7 shows the image of the Gulf of St. Lawrence from the TIROS-1 weather 
satellite (1970s) and Suomi National Polar-orbiting Partnership (S-NPP) satellite. As 
can be seen, there is a remarkable improvement in the quality and resolution of the 
image from 1970s up to 2013. The improvement in satellites has helped understand 
hydrological phenomena such as glacial lake outburst flood [71] and soil erosion [72], 
which were difficult to study in the past [71].
Figure 6. 
A number of widely used satellites that monitor and transit meteorological and climatological information [9].
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Today, new technologies such as microwave sensors (Figure 8a) and drones 
(Figure 8b) allow to monitor extreme events (e.g., floods, droughts, and hurri-
canes) and mitigate their damage on the environment, infrastructures, and critical 
resources [9].
Weather models were developed at the end of 20th century and beginning of 
21st century. The first real-time medium-range forecasting model was developed 
by the European Centre for Medium-Range Weather Forecasts (ECMWF) in 1979. 
The Intergovernmental Panel on Climate Change (IPCC) was founded in 1988 by 
the United Nation (UN) to monitor climate change, and its economic, social and 
environmental impacts across the world. In the 1990s, the Weather Research and 
Forecasting (WRF) model was developed by simulating the atmospheric processes. 
This model has been used in more than 150 countries around the world to simulate 
the atmosphere via real-time data [9]. In 2002, the Aviation Model (AVN) was 
developed by the National Centers for Environmental Prediction (NCEP) for short-
range weather forecasting. This model (called the Global Forecasting System, GFS) 
is the leading forecasting model in the US [69]. A review of history of hydrometeo-
rology is provided in Appendix A as supplementary materials.
Figure 7. 
The image of the Gulf of St. Lawrence from the (left) TIROS-1 weather satellite (1970s) and (right) S-NPP 
satellites (2013) [9].
Figure 8. 
(a) A monitoring site which is equipped with microwave sensors to provide real-time measurements of water 
level for forecasting storm surge [9], and (b) NASA’s drone (Sierra) for remote sensing sampling in inaccessible 
regions such as polar regions, mountaintops, and open waters [70].
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7. Emerging trends
Recent advances in active and passive remote sensing systems have created new 
cost-effective opportunities for meteorological applications. The new generation 
of satellites (e.g., Soil Moisture Active Passive (SMAP), Meteosat Third Generation 
(MTG), Himawari-9, and FY-4B satellites) allows monitoring the earth and atmo-
sphere with higher spatial and temporal resolution. Progresses in technology have 
also improved field instruments used to collect weather data. In addition, numerical 
models have become more advanced as new theories and concepts were incorporated 
into them, allowing them to simulate hydrometeorological processes more accurately. 
At present, three-dimensional coupled atmosphere–ocean models use remotely 
sensed and in-situ observations to forecast weather up to ten-days ahead [9].
Weather modification by cloud seeding and aerosols spreading is one of the 
emerging trends to decelerate the threats associated with global warming [73]. The 
main purpose of cloud seeding and aerosols spreading is to alter rainfall patterns 
[73]. However, these methods are expensive and have not yet reached a practically 
acceptable level. In addition, the amount of precipitation that reaches the land 
surface is often negligible. This happens because snowfalls and/or light drizzles 
generated by the stratiform clouds are evaporated prior to reaching the ground level. 
To overcome this issue, stratocumulus clouds should be created that can have a global 
impact [74]. On the other hand, a number of scientists hypothesize that the weather 
modification can cause climate change and may lead to extreme weather events such 
as drought and flood [73, 75]. Some hydrometeorologists believe that the chemicals 
used in cloud seeding are dangerous for human health because of their toxicity and 
damage the ozone layer [75]. Moreover, the increase of particulate matters in the 
weather modification process may change the color of the sky from blue to gray [75].
Applying the science of hydrometeorology to real-world problems is another 
emerging trend. It is called operational hydrometeorology and deals with the 
application of hydrometeorology to real-time operational systems. The major 
components in an operational prediction system are monitoring equipment, meteo-
rological and hydrological forecasting models, demand (water supply) prediction 
models, and decision support tools [76, 77]. The difficulty of forecasting rainfall 
has become a main challenge in the development of operational hydrometeorology 
[76]. There have been some attempts to overcome this issue. For example, the Flood 
Forecasting Center (FFC) was established in England and Wales in 2009 to forecast 
rainfall. A number of scientists used inverse modeling to predict rainfall [78–81]. 
For example, they assimilated river discharge observations within an ensemble 
data assimilation framework to predict rainfall [82–84]. Similarly, several studies 
assimilated soil moisture observations into water balance models to improve rainfall 
predictions [85–91].
Using low-cost sensors for flash flood forecasting [78], and application of 
hydrometeorology in marine sciences [92] and urban environment [80, 81] are 
other emerging trends.
8. Future issues and challenges
About 90% of disasters in the world during 1995–2015 were related to weather 
[93]. During this period, more than 600,000 people died, and more than 4 billion 
others were evacuated or injured because of weather-related hazardous events. The 
annual cost of damages caused by weather and climate extremes at the global scale 
is about $300 billion. Most disasters have been observed in the US, China, India, 
Philippines, and Indonesia [93].
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Modern technologies such as advanced weather balloons, radars, satellites, 
and mathematical and numerical models have allowed to mitigate the impact of 
weather-related disasters on human beings and environment. In addition, innova-
tive hydrometeorological devices and synoptic stations have provided concrete 
weather data to further lessen the effect of extreme weather events.
Despite these advances, the complexity of climate requires the development of 
more accurate models and instruments to manage the natural disasters more effi-
ciently [9]. Overall, the future of the science of meteorology and hydrometeorology 
relies on new sophisticated instruments and prediction models, which enhance our 
ability to forecast weather and mitigate related hazards [9]. Having said that, the 
fourth industrial revolution (IR 4.0) may help the science of hydrometeorology by 
developing microchips, microcontrollers and more accurate sensors (i.e., multi-
sensor meteorology) that can be utilized in weather sites [94–99].
Today, hydrometeorologists take advantage of satellite data at different spatial 
and temporal scales [100, 101]. Artificial intelligence (AI) and machine learn-
ing (ML) approaches can use long-term remotely sensed data from satellites to 
improve weather prediction and climate modeling capabilities [102–104]. Also, the 
advancement in Internet of Things (IoT) will make real-time data observations 
more precise [105–108].
9. Conclusions
This study provides a thorough review of the historical evolution of the science 
of hydrometeorology and its significant milestones from past civilizations to con-
temporary times. Hence, it can expand our knowledge of the advances in hydrome-
teorology through different centuries. In the past civilizations, the first steps were 
taken to understand weather changes. Today, the availability of robust numerical 
models, remote sensing data, and high computational capabilities have allowed 
humankind to predict meteorological and climatological events. Five major periods 
are considered in this study: 1) the prehistoric, 2) the archaic and medieval, 3) the 
early and mid-modern, 4) the modern, and finally 5) the contemporary periods. 
The key advancements and achievements in each period are presented.
The theocratic explanation of meteorology was dominant until the 7th century 
BC. In the prehistoric period, weather was unpredictable. Also, religion, folklore, 
tradition, culture, and beliefs were the main elements for studying hydrometeorol-
ogy. In the late Archaic times, the Ionian philosophers explained hydrometeoro-
logical processes for the first time. Beginning in the historical period, Anaxagoras 
(ca 500–428 BC) used the ideas of the Ionian philosophers to develop rain gauge 
instruments in Athens. Also, in this period, the first evidence of measuring rainwater 
was seen in Greece and India. Later, Plato (ca 428–348 BC) developed the concept 
of the hydrological cycle in his academy in Athens. In the early Hellenistic times, 
Theophrastus of Eresos (ca 371–287 BC) wrote the book Signs De Signis Tempestatum, 
which was the first weather forecasting manual.
From 27 BC to 200 AD, Pomponius Mela, the Roman Emperor in Spain, worked 
on geographical maps and divided the earth into five climate zones. Investigating 
weather and atmospheric phenomena was almost stopped from the end of the 
Roman period to the Middle Ages of the Renaissance. However, there were consid-
erable attempts from ca 1400 to 1900 AD to monitor hydrometeors and forecast 
weather by meteorological instruments, which were invented during this period.
From 1950 until present, theoretical approaches and mathematical analyses have 
been extensively used in the science of hydrometeorology. Sophisticated instru-
ments have been developed to measure hydrometeorological variables. Computers 
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have been utilized to solve complex mathematical equations and run numerical 
models to understand meteorological phenomena in the light of the application of 
meteorological theories (e. g., the application of heat and mass transfer theories to 
analyze evaporation).
The development of research and education in the field of hydrometeorology 
began after the Second World War, and accelerated with the formation of the World 
Meteorological Organization (WMO) in 1951. Scientists in the modern era have 
provided foundations for hydrometeorological investigations and instrumentations 
in a universal scale. Their efforts have improved humans’ understanding of atmo-
spheric phenomena.
The perspectives in the field of hydrometeorology are promising. This is mainly 
due to the advances in sensors and instrumentation, computational capabilities, 
remote sensing systems, data mining techniques, information and communica-
tion technologies (ICTs), decision support systems (DSS), and deep learning 
approaches. Although the science of hydrometeorology has significantly improved 
recently, there is still lack of adequate knowledge to accurately forecast extreme 
hydrometeorological events.
Appendix
Prehistoric times (ca 3500–750 BC)
Ca 3500 BC “Astrometeorology” emerged in Babylon. The sensitivity of humans to 
weather increased because they no longer migrated
Ca 3500 BC Early Egyptians established sky-religion and rainmaking rituals
Ca 3000 BC Nilometers were used to record water levels in the Nile River
Ca 1800 BC Nilometers were developed at the second cataract of the Nile River
Ca 1750 BC Water codes of King Hammurabi (ca 1792–1750 BC), which consisted of 282 
regulations
Ca 740 BC Nabu-nasir (ca 747–734 BC) regularly recorded movement and location of the 
moon. He also noted the times of sunrises, sunsets, and eclipses
Historical to medieval times (ca 750 BC-1400 AD)
Ca 600 BC The Thales of Miletus (ca 624–546), the founder of Ionian Stoa (School), 
is considered to be the father of natural philosophy and water science. He 
introduced the hydrologic cycle. He also presented a physical exegesis for the 
Nile flooding during summer time when rainfall in Egypt was minimal.
Ca 570 BC Anaximander (ca 610–546 BC) explained the relationship between rainfall 
and evaporation in his book entitled “On Nature”. The first known work on the 
natural philosophy.
Ca 550 BC Anaximenes (585–528 BC) explained the formation of winds, clouds, 
rainfalls, and hails
End of ca 5th BC Xenophanes (ca 570–475 BC) expressed the concept of hydrological cycle and 
the role of sea in it.
Ca 500 BC First attempts to measure rainfall in Greece
Ca 465 BC Anaxagoras (ca 500–428 BC) transferred the ideas of the Ionian philosophers 
to the Athenians. He also explained the formation of hailstorms.
Ca 400 BC The first measurements of rain fall in India
Ca 400 BC Hippocrates of Cos (ca 460–370 BC) studied the effects of climate and 
environment on human health in his treatise on Airs, Waters, and Places
Ca 387 BC The Platonic Academy was founded by Plato (ca 428–348 BC). The concept of 
hydrological cycle was developed in that academy
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Ca 345 BC Aristotle (ca 384–322 BC) founded the Lykeion of Aristotle, also known as the 
“Peripatec School”
Ca 340 BC Aristotle summarized his meteorological knowledge in his book entitled 
Meteorologica.
Ca 332 BC Alexandria was founded in a small ancient Egyptian town by Alexander the 
Great
Ca 330 BC Theophrastus of Eresos, Lesbos (ca 371–287 BC) Book on Signs De Signis 
Tempestatum is considered as the first weather forecasting manual
Ca 300 BC Theophrastus On Winds (De Ventis) accepted the Presocratic’s hypothesis 
of wind’s origin. He also introduced a basic understanding of atmospheric 
pressure
Ca 250 BC Archimedes (ca 287–212 BC) explained the buoyancy principle
Ca 240 BC Eratosthenes (ca 276–194 BC) reported that the earth is a globe with the 
circumference of 40,000 km
Ca 240 BC Philo of Byzantium (ca 280–220 BC) invented a device that measured 
the expansion and contraction of air as it warmed up and cooled down, 
respectively.
Ca 25 AD In Spain, the Pomponius Mela, Roman Emperor introduced the climate zone 
systems
Ca 60 AD Hero (Heron) of Alexandria (ca 10–75 AD) is mostly known as an engineer 
and designed a basic thermometer. Also, his treatise Pneumatica (Pneumatics) 
advanced the science of physics
Ca 70 AD In Rome, Gaius Pliny Secundus (Pliny the Elder) (ca 23/24–79 AD) developed 
the encyclopedic Natural History, which later became an editorial version for 
encyclopedias
Ca 200 AD In Tunisia, the Quintus Septimus Florens Tertullianus (160–225 AD) ended 
the observation-based science, and began the “sacred science” based on the 
“authority” of scripture
Ca 380 AD Based on the prophecies of Isaiah and the Epistle to the Ephesians, St. Jerome 
(ca 347–420 AD) considered a doctrine of the diabolical origin of storms.
Ca 400 AD In Algeria, St. Augustine, Bishop of Hippo (354–430 AD) whole heartedly 
supported the diabolical origin of storms.
Ca 900 AD Chinese weighted charcoals to measure the air moisture
Ca 1000 AD Ibn Wahshiyya translated the book entitled “Nabataean Agriculture”. The 
importance of weather forecasting for agriculture was discussed in this book.
Ca 1247 AD Gauges (made of large bamboo segments) were used to measure precipitation 
in China
Ca 1328 AD William of Ockham (1285–1347 AD) attempted to advance natural sciences 
and atmospheric physics by improving the quality of observations.
Ca 1300 AD - 1400 AD Air temperature (1400 BC) and rainfall (1216 BC) were recorded in ancient 
China
Early and mid-modern times (ca 1400–1800)
Ca 1442 A simple cylindrical container was used to collect precipitation in Korea
Ca 1450 Leon Battista Alberti invented a flat plate anemometer in Italy
Ca 1450 Nicholas of Cusa invented a hygroscopic hygrometer
Ca 1500 Leonardo Da Vinci (1452–1519) improved the hygrometer, which was 
developed by Nicholas of Cusa
Ca 1593 Galileo Galilei (1564–1642) invented a thermometer in Italy
Ca 1639 Benedetto Castelli (1578–1643) constructed the first scientific rain gauge in 
Italy and Europe
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Ca 1643 Evangelista Torricelli (1608–1647) invented the barometer
Ca 1648 Blaise Pascal (1623–1662) invented a barometer based on variations of 
atmospheric pressure with altitude
Ca 1660 Francesco Folli (1624–1685) created a paper-ribbon hygrometer, called Mostra 
Umidaria
Ca 1663 Robert Hooke (1635–1703) collaborated with Sir Christopher Wren to 
build the first automatic rain gauge called tipping bucket rain gauge. 
However, the first measurements of rainfall were done by Richard Towneley 
(1677–1704 AD)
Ca 1665 Grand Duke Ferdinand II de’ Medici (1610–1670) created the condensation 
hygrometer
Ca 1667 Robert Hooke invented the anemometer
Ca 1670 Robert Hooke invented the first mercury glass-thermometer
Ca 1675 Horace-Benedict de Saussure (1740–1799) created the first hair hygrometer
Ca 1687 Isaac Newton (1643–1727) detailed his three laws of motion
Ca 1743 Benjamin Franklin (1706–1790) realized the northeastward movement of a 
hurricane from eclipse observations at Philadelphia and Boston.
Ca 1777 David Dobson developed the ideas to measure evaporation and raindrop size
Modern times (1800–1900)
1818 Ernst Ferdinand August (1795–1870) developed ideas to create psychrometer
1820 John Frederic Daniell (1790–1845) invented a new hygrometer, called dew 
point hygrometer
1850 The British Meteorological Society was established and then renamed to Royal 
Meteorological Society (RMS)
1860 Meteorological observations were being made routinely by the Met Office in 
London
1861 William Jevons (1835–1882) reduced errors in rainfall measurements using a 
wind shield for rain gauges
1861 The Met Office began reporting weather forecasts for the public in England
1867 Father Secchi invented the first Meteorograph
1870’s Weather observations from 20 stations were transmitted to Washington DC 
via telegraph
1870 President Ulysses S. Grant established a weather bureau, which is now called 
the National Weather Service (NWS)
1870 Alexander Wilson used weather balloons in the UK to collect weather 
information
1873 The International Meteorological Organization was formed. It is now named 
the World Meteorological Organization (WMO) and is an entity of the United 
Nations
1879 George James Symons (1838–1900) expanded Jevons’ theory and founded the 
British Rainfall Organization
1880’s The Meteorological Society of Japan were formed
1894 Weather kits were used to collect air temperature, pressure, humidity and 
wind speed at higher altitudes
1896 Léon Teisserenc de Bort (1855–1913), a French meteorologist, used weather 
balloons to measure air temperature and humidity




1907 Hugo Hildebrand Hildebrandsson (1838–1925) published his book entitled 
International Cloud Atlas and developed seasonal forecasts of clouds
1920’s Concepts of air masses and fronts were formulated by the Norwegian 
meteorologists. They developed a theory for the evolution of mid-latitude 
cyclones, which is still in use today
1921 Hydrometeorological Center of Russia was formed in Moscow
1921 The first weather radio broadcasts were made in the US
1922 Lewis Fry Richardson used numerical methods to forecast air temperature 
and humidity
1941 The US broadcasted the first TV program on weather forecast
1950 Jule Charney ran his meteorological algorithms by a computer called the 
Electronic Numerical Integrator And Computer (ENIAC)
1954 The first radar weather station was built in New Orleans, the US
1959 The Met Office created a computer (called Meteor), which was able to 
conduct 30,000 calculations every second
1960 The first weather satellite, called the Thermal Infrared Observation Satellite 
(TIROS), was launched by the US
1970’s NASA lunched geosynchronous weather satellites
1979 The first real-time medium-range forecasting model was developed by the 
European Centre for Medium-Range Weather Forecasts (ECMWF)
1988 The Intergovernmental Panel on Climate Change (IPCC) was founded by the 
United Nation
1990’s The NWS was modernized. The Weather Research and Forecasting (WRF) 
Model was developed.
2002 The Aviation Model (AVN) was created for short-range weather forecasting. 
This model, called the Global Forecasting System (GFS), is the leading 
forecasting model in the US.
2015 A new generation of supercomputers with the ability to perform over 10,000 
trillion calculations per second was developed.
Table A.1. 
Milestones in hydrometeorology in the (1) prehistoric times (ca 3500–750 BC), (2) historical to medieval times 
(ca 750 BC-1400 AD), (3) early and mid-modern times (ca 1400–1800), (4) modern times (1800–1900), and 
(5) contemporary times (1900-present).
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